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Available online xxxxOhmic heating is a thermal processing method based on the application of electric ﬁelds directly into a semi-
conductive medium. In this study, we explored for the ﬁrst time the use of ohmic heating to obtain keratin
ﬁlms. The properties of the ﬁlms prepared by ohmic heating and conventional heating were evaluated and com-
pared under similar thermal proﬁles. A lower increase in free thiols' concentration was obtained for the keratin
solutions and keratin ﬁlms submitted to ohmic heating (16% increase for the keratin solution extracted from vir-
gin hair, pH 9, submitted to ohmic heating and 23% when submitted to conventional heating). Signiﬁcant differ-
ences in the swelling results were observed for the ﬁlms preparedwith keratin extracted from virgin hair, with a
swelling decrease in about 55% for the ﬁlms prepared by ohmic heating. Generally, the keratin ﬁlms obtained by
ohmic heating showed distinct properties comparatively to theﬁlms produced by conventionalmethods. The ap-
plication of a fusion protein on the keratin ﬁlms demonstrated their capacity to be used as substitutes to hair ﬁ-
bers when evaluating the potential of new cosmetic products. This work suggests that ohmic heating show
potential to tailor keratin ﬁlms properties depending on an intended application or functionality.
© 2020 Published by Elsevier B.V.Keywords:
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Keratin1. Introduction
Protein unfolding and aggregation occur in different extents de-
pending on the pH, ionic strength and temperature, affecting the ﬁnal
properties of the protein-based materials [1]. During heating of a pro-
tein solution, the three-dimensional structure of the protein is modiﬁed
through the unfolding of the polypeptide chains, exposing the internal
sulfhydryl groups and the hydrophobic side chains buried in the interior
of the native molecule. These structural changes will inﬂuence the
ﬁlming ability of the proteins and the properties of the protein-based
ﬁlms.
Ohmic heating was used in this study as a new and alternative pro-
cedure for the use of conventional heating methods – i.e. a water bath
with controlled temperature - in the keratin denaturation process and
keratin ﬁlms' preparation. The ﬁnal properties of the keratin ﬁlms pre-
pared by ohmic or conventional heating were compared in order to
evaluate the effects of each heating method on the protein ﬁlms. The
ohmic heating is an emergent thermal process where electric currentsgineering, University of Minho,
. Tinoco),
do@bio.uminho.pt
r@deb.uminho.pt
@ceb.uminho.pt (A. Ribeiro).pass through a semi-conductive solution allowing a direct or volumetric
heating process. This electro-heating method is recognized by reducing
excessive coagulation or the complete denaturation of the protein struc-
ture [2]. During ohmic heating, the non-thermal effects exerted by the
presence of a moderate electric ﬁeld has been described as potential
vector of alteration of proteins interactions thus changing the ﬁnal
properties of the developed protein ﬁlms [3].
Keratin proteins are found in the cytoplasm of almost all differenti-
ated eukaryote cells, being mainly known as the principal structural
proteins of hair, wool and skin [4]. The term ‘keratin’ includes a complex
mixture of proteins, such as keratins and keratin-associated proteins [5].
Considering the disulphide bonds content, keratins can be classiﬁed as
soft or hard keratins. The soft keratins, with a low content of disulphide
bonds, are found in the stratum corneum and in the callus, whereas the
hard keratins, with a high disulphide content, are found in epidermal
appendages such as feathers, hair, nails, horns, and hoofs [4]. At amolec-
ular level, the most distinctive feature of keratins is the high concentra-
tion of cysteine (Cys) residues (7–20% of the total amino acid residues)
[4]. Cys is a non-polar amino acid that contains sulfur groups which can
form sulfur–sulfur (S\\S) cystine bondswith other intra- or intermolec-
ular Cys molecules. The cross-links between intermolecular cystine
bonds together with other protein structural features, like crystallinity
and hydrogen-bonding, gives keratin its high strength and stiffness
[6]. Due to its structure, keratin proteins are only soluble in solutions
containing denaturing agents like urea, and reducing agents such as
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bonds [4]. The keratin hydrolysates can be used in different applica-
tions: as odor-removing or deodorizing composition [7], included in
skin-hair care cosmetic [8,9], in the enrichment ofwheat straw for rumi-
nant diets [10] or applied in the packaging of goods [11]. Also, the kera-
tin proteins are widely used in the biomedical ﬁeld, for wound healing
[12], ocular [13] and nerve regeneration [14] and bone tissue engineer-
ing [15]. Keratins were also included in the development of drug deliv-
ery systems with controlled release due to keratin stability, low
reactivity, and good mechanical and structural properties [16]. In cos-
metic applications, keratin-based particles were developed to improve
the mechanical and thermal properties of virgin and overbleached
hair [9].
The aim of the present studywas to evaluate the effect of the heating
method (conventional vs ohmic heating), pH and keratin source (virgin
vs overbleached hair) on the properties of keratin ﬁlms. We also
assessed the potential of these keratin ﬁlms to be used as models for
the screening of the effect of protein-based cosmetic formulations on
hair. To assure that the differences observed for the keratin ﬁlm-
forming solutions and the keratin ﬁlms were only related with the
type of heating, pH and keratin source, the concentration of the keratin
solutions and the time and heating proﬁle, were maintained identical
along the study.
2. Experimental
2.1. Materials
Caucasian black human hair samples were provided by a local hair-
dresser. The detergent compatible (DC) protein assay kit and the
Ellman's reagent were obtained from Bio-Rad, Portugal. Glycerol and
formaldehyde were supplied by Fisher Scientiﬁc, Portugal, and all
other chemicals were supplied by Merck, Spain.
2.2. Extraction and puriﬁcation of keratin
The keratin used to produce the ﬁlms was extracted from human
hair donated from a local hairdresser salon. The hair samples were
ﬁrst washed according to the IAEA/RL/50 1978 recommendations to re-
move all contaminants and lipids and the protocol for keratin extraction
was adapted from Ayutthaya et al. [17]. The ﬁnal keratin solution was
quantiﬁed by DC method according to manufacture protocol and was
concentrated to a ﬁnal concentration around 30 mg/mL.
2.3. Hair overbleaching
Hair samples were subjected to ﬁve bleaching cycles using a com-
mercial kit (Revlon Professional®) following the manufacture guide-
lines. After bleaching, the overbleached hair was washed with a
commercial shampoo (Pantene® Basic) and dried overnight. The kera-
tin was extracted from the overbleached hair using the protocol previ-
ously described.
2.4. Heating treatment of keratin solutions
2.4.1. Conventional heating
Conventional heating experiments were performed in a water bath
(Grant Instruments, OLS200, Cambridge, United Kingdom) and the in-
crease in the temperature during the heating process was measured
using a digital thermometer placed at the center of the sample volume.
The keratin solutions selected for the conventional heating had a con-
centration between 30 and 35 mg/mL and the treatments were per-
formed for a total of 53 min: 23 min heating time plus 30 min at
85 °C, with constant agitation.2.4.2. Ohmic heating
The ohmic heating of the keratin solutionswas performed on a glass
cylinder containing stainless steel electrodes at each edge, as described
by Pereira et al., 2010 [3]. The conductivity of the samples allowed
studying the effect of the ohmic heating on the keratin ﬁlms (conductiv-
ity between 20 and 120 μS/cm). The treatments were performed for a
total of 53min: 23min of heating time plus 30min at 85 °C. The heating
kinetics and thermal proﬁle were kept similar for ohmic heating and
conventional heating treatments. The temperature was controlled by
regulating the voltage output of a function generator (1 Hz–25 MHz
and 1 to 10 V; Agilent 33220A, Penang, Malaysia) and then ampliﬁed
on an ampliﬁer system (Peavey CS3000, Meridian, MS, USA). The elec-
tric ﬁelds used ranged from 7 to 24 V/cm and applied as sine waves at
a frequency of 25.000 Hz. Temperature was measured with a type K
thermocouple (Omega Engineering, Inc., Stamford, CT, USA), connected
to a data logger (USB-9161, National Instruments Corporation, Austin,
TX, USA). During the treatments the samples were gently stirred (with
a magnetically stirrer) to ensure homogeneity.
2.5. Preparation of keratin ﬁlms
The keratin solutions treated by ohmic and conventional heating
were used to produce the keratin ﬁlms. A plasticizer agent (glycerol
1%w/w)was added to the keratin solutions and the sampleswere incu-
bated in an ultrasound bath for 15min followed by 10min on ice. A vol-
ume corresponding to 29 mg of keratin was added to Teﬂon molding
rings with 1 cm inner diameter [18]. The molding rings containing the
protein solutions were placed on a vacuum chamber overnight, at
room temperature, to minimize the appearance of bubbles on the
ﬁlms' surface. The keratin solutions were then dried at 40 °C for 24 h
and then the temperature was increased to 110 °C for 4 h for the curing
of theﬁlms. This curingwas essential to remove theﬁlms from themold
and oxidize the disulphide bridges between keratin molecules, produc-
ingmore stable ﬁlms. The ﬁlmswere stored in an excicator until use. To
study the effect of the type of keratin and thepHon theﬁlms' properties,
we used keratin extracted from virgin and from overbleached hair with
the pH of the keratin solutions being adjusted to 7, 8, 9 and 10 prior
heating.
2.6. Keratin ﬁlms' cross-linking induced by formaldehyde
To induce the cross-linking, the keratin ﬁlms were treated with
formaldehyde 37 wt% in water. Initially, the keratin ﬁlms were incu-
bated overnight with formaldehyde vapor, at room temperature. Then,
each ﬁlm was incubated with 3 mL of formaldehyde 37 wt% in water
for 24 h. The ﬁlms were then removed from the formaldehyde, dried
with a ﬁlter paper and incubated at 50 °C until completely dried [19].
2.7. Characterization of keratin ﬁlm-forming solutions
2.7.1. Formation of keratin aggregates
The average size of keratin aggregates formed during the heating
treatments at 85 °C was measured by dynamic light scattering using a
Zetasizer from Malvern Instruments, Nano-ZS. For this analysis, 50 μL
of keratin solution was dispersed in 950 μL of ultrapure water and ana-
lyzed at 25 °C. The values for viscosity and refractive index were
0.8872 cP and 1.330, respectively. Each sample was measured in tripli-
cate, and the results are presented as mean value ± standard deviation
[20].
2.7.2. Determination of Free thiol content
The amount of free thiol groups in the keratin samples was deter-
mined spectrophotometrically using 5,5′-dithiobis(2-nitrobenzoic
acid) (Ellman's reagent). Brieﬂy, 100 μL of keratin solution was added
to 500 μL of 0.5 M phosphate buffer, pH 8.0, containing 10 μL of Ellman's
reagent solution (4 mg/mL) in 0.5 M phosphate buffer, pH 8.0. The
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dark. Absorbance was then measured at a wavelength of 412 nm, and
the amount of free thiol groups were determined taking in consider-
ation a standard curve obtained using L-Cys [21].
2.8. Characterization of keratin ﬁlms
2.8.1. Determination of free thiol content
The amount of free thiol groups in the keratin ﬁlms was determined
using the protocol previously described, with the keratin solutions
being replaced by the keratin ﬁlms and the solution volumes increased
10×.
2.8.2. Swelling ratio and water solubility
Tomeasure the swelling ratio of the keratin ﬁlms, three ﬁlms of each
condition were weighted and immersed in 10 mL of distilled water in
petri dishes sealed with paraﬁlm and placed in a thermostatic bath at
25 °C. After 1 h of incubation time, the ﬁlms were taken from the
water, the excess of liquid on the surface was removed with a tissue
paper and theﬁlmswereweighted again. The swelling ratio (%)was cal-
culated using the Eq. (1):
Swelling ratio %ð Þ ¼ Weight f−Weight0
Weight0
 100 ð1Þ
where Weightf corresponds to the ﬁlm weight after 1 h of incubation
and Weight0 correspond to the ﬁlm's dry weight before immersion on
distillated water.
The solubility of the ﬁlms in water was determined after incubation
of the keratin ﬁlms in distillatedwater for 24 h. The ﬁlmswere removed
from thewater, dried at 100 °C for 24 h in a dry oven and then the solids
content was measured. The water solubility (%) was determined using
Eq. (2):
Water solubility %ð Þ ¼ Weight0−Weight f
Weight0
 100 ð2Þ
where Weightf corresponds to the ﬁlm weight after incubation and
Weight0 to the ﬁlm's dry weight before immersion on distillated
water. Both swelling rate and water solubility data corresponds to the
average of three measurements [22].
2.8.3. Secondary structure analysis
FTIR measurements were recorded on a Perkin Elmer Spectrum-
Two™ IR spectrometer with a deuterated triglycine sulfate (DTGS) de-
tector andKBr beamsplitter, coupledwith anUATR (single reﬂection di-
amond, Perkin Elmer) accessory. Atmospheric CO2/H2O was
automatically subtracted during spectra collection. Spectra were ac-
quired at room temperature from4000 cm−1 to 400 cm−1 and collected
after 64 scanswith a resolution of 4 cm−1. Baseline subtraction, normal-
ization, second derivative and band ﬁtting were performed with
OriginPro 9.0 (OriginLab, Northampton, MA).
2.8.4. Morphological observation
The samples were characterized using a desktop Scanning Electron
Microscope (SEM) (Phenom ProX, Netherlands). All results were ac-
quired using the ProSuite software. The keratin ﬁlms samples were
added to aluminiumpin stubswith electrically conductive carbon adhe-
sive tape (PELCO Tabs™). Before analysis, the samples were covered
with 20 Å of gold to improve samples electrical conductivity.
2.8.5. Thermal gravimetric analysis
TGA of keratin ﬁlms was performedwith a TGA 4000 (Perkin Elmer,
Waltham, MA, US) using an alumina crucible with sample weights of
8–10 mg. The temperature calibration was done by Curie temperatures
of reference materials: alumel, nickel and perkalloy at the same samplescanning rate. The measurements were performed from 25 to 800 °C at
20 °C/min under a nitrogen atmosphere (ﬂow rate: 20 mL/min). The
weight loss, in percentage, and its derivative were represented as func-
tion of temperature. The data were acquired using Pyris software (ver-
sion 13).
2.9. Increase of ﬁlms opacity using KP-Crystallin fusion proteins
For this assay, keratin ﬁlms prepared at pH 9, and submitted to con-
ventional and ohmic heating, were incubated with two crystallin-based
fusion proteins (KP-Cryst Wt and KP-Cryst Mut) [23]. The increase of
keratin ﬁlms opacity was achieved by adding 100 uL of 1 mg/mL of
KP-Cryst Wt/Mut solutions to the surface of the ﬁlms. After application
of the proteins, the ﬁlms were incubated at room temperature until
completely dried. This procedure was repeated 6 times. Films incubated
with ultrapure water added to the surface were used as controls. Opac-
itywas calculated through the ratio between reﬂectance and reﬂectivity
(Chroma Meter CR-400, Konica Minolta, Japan).
2.10. Statistical analysis
Data are presented as average standard deviation (SD) of three as-
says. Statistical comparisons were performed by one-way ANOVA
with GraphPad Prism 5.0 software (La Jolla, CA, USA). Tukey's post-
hoc test was used to compare all the results between them, and
Dunnett's test was used to compare the results with a speciﬁc control.
A p ≤ .05 was considered to be statistically signiﬁcant.
3. Results and discussion
3.1. Characterization of keratin ﬁlm-forming solutions
3.1.1. Proteins' aggregation proﬁles
The denaturation of proteins involves the breaking of individual co-
valent bonds between the atoms of the polypeptide backbone. This pro-
cess is usually accompanied by the aggregation, coagulation or gelation
of the proteins' molecules. The conversion between the folded and un-
folded state of proteins can be induced by changes in temperature, pres-
sure, pH, chemical denaturants or solvent nature [24].
When the keratin solutions were heated at 85 °C for 30 min, a
change was observed on the average hydrodynamic diameter of the
protein particles' size, independently on the type of heating and type
of keratin – Table 1. For the keratin obtained from overbleached (OB)
hair there was an increase on particles size regardless of the pH (data
not shown). Nevertheless, for the keratin obtained from the virgin
hair, the pH of the solutions governed the proteins aggregation proﬁles,
with a decrease of particles size being observed for pH values between 7
and 9, while an increase was observed for pH 10. Alkaline pH values are
described to contribute to the disruption of Cys in the keratinmolecules,
and favor the occurrence of some side reactions as thehydrolysis of pep-
tide and amide bonds, and the formation of new cross-links as
lanthionine or lysinoalanine [25]. These factors could beneﬁt the inter-
action between different molecules of keratin proteins at higher pH
values, increasing the ﬁnal aggregates size.
Regarding the variation of the keratin solution polydispersity index
(PdI), there was a decrease in the PdI after heating for both types of ker-
atin and for all the pH values. Before heating, the keratin solutions pre-
sented a polymodal distribution, however, after 30 min at 85 °C, the
particles' population becomes less polydisperse, and in some conditions
the size distribution became monomodal (represented by 100% of per-
centage population in Table 1).
Analyzing the effect of pH on the protein particles' size after heating,
an increase in the aggregates size was observed with the increase in the
pH of the keratin solutions. This behavior could be due to the fact that
higher pH leads to an increase in protein charge, which could stabilize
the aggregates by the formation of speciﬁc charge interactions like salt
Table 1
Characterization of keratin ﬁlm-forming solutions in terms of average particle size and polydispersity index (PdI), before and after conventional and ohmic heating. The keratin solutions
were heated for 30 min at 85 °C.
Keratin Hair Source pH Incubation time (min) Conventional heating Ohmic heating
Size (nm) PdIb Size (nm) PdIb
Virgin 7 0 565.5 (58.2%)a 0.598 523.0 (50.5%)a 0.506
Virgin 7 30 331.9 (78.6%)a 0.535 213.3 (75.4%)a 0.432
Virgin 8 0 1348 (69.2%)a 1.000 1987 (44.1%)a 1.000
Virgin 8 30 486.7 (100%)a 0.263 861.5 (71.7%)a 0.879
Virgin 9 0 735.5 (85.8%)a 0.510 1138 (47.3%)a 0.551
Virgin 9 30 547.7 (92.6%)a 0.402 957.5 (75.5%)a 0.424
Virgin 10 0 613.3 (71%)a 0.867 714.4 (73.3%)a 0.737
Virgin 10 30 780.2 (92%)a 0.462 776.9 (90.8%)a 0.606
OBc 9 0 623.7 (88.1%)a 0.600 623.7 (88.1%)a 0.600
OBc 9 30 979.2 (100%)a 0.500 700.6 (100%)a 0.481
a Percentage of population corresponding to a speciﬁc size.
b Polydispersity index.
c Only reported the results for pH 9, data is not shown for the other pH values.
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population observed on Table 1 could also be related with keratin
solution's conductivity [3]. An increase in solution's conductivity was
observed with increasing pH of the keratin solutions. Also, the keratin
solution extracted from overbleached hair, presented a very low con-
ductivity when compared to the keratin extracted from virgin hair.
The differences in solution conductivity could be due to the different na-
ture of the electrolyte (keratin protein vs degraded keratin), the protein
hydration and the aggregates shapes [27], as well as the protein ions
present in the solution [28]. These differences in the conductivity may
also explain the observed variation of the particles size, since different
electric ﬁelds were applied to the keratin solutions to achieve the
same temperature proﬁles.
3.1.2. Free thiol determination
Keratin is a unique protein because it contains a large amount of the
amino acid Cys when compared to other proteins. As referred previ-
ously cysteine is a sulfur-containing amino acid and can form sulfur–
sulfur (S\\S) cystine bonds with other intra- or intermolecular cysteine
molecules. Free thiol groups before and after heating were quantiﬁed
using Ellman's reagent and are represented on Table 2.
Taking all data in consideration, it was observed, for both types of
heating, an increase in the keratin free thiol content after heating. This
was expected since thermal processing at denaturation temperatures
involves changes in protein conformation that can convert masked SH
groups into free SH groups, thus becoming available for the formation
of covalent disulphide bonds [1] or reaction with the Ellman's reagent.
After incubation at 85 °C, signiﬁcant differences in thiols' concentra-
tion were veriﬁed between the conventional and the ohmic heating for
the keratin solutions prepared from virgin hair (p b .01). For these solu-
tions, a higher increase in thiols concentration was veriﬁed for the con-
ventional heating when compared with the ohmic heating for all the
tested pH values. However, when the keratin solutions were preparedTable 2
Effect of conventional and ohmic heating on the thiols' concentration of keratin ﬁlm-forming s
Keratin Hair Source pH Incubation time (min) Conventional
Thiols (mM)
Virgin 7 0 0.431 ± 0.002
Virgin 7 30 0.705 ± 0.013
Virgin 8 0 0.454 ± 0.01
Virgin 8 30 0.730 ± 0.012
Virgin 9 0 0.666 ± 0.019
Virgin 9 30 0.820 ± 0.001
Virgin 10 0 0.334 ± 0.002
Virgin 10 30 0.811 ± 0.001
OB 9 0 0.0859 ± 0.00
OB 9 30 0.145 ± 0.001from OB hair, no signiﬁcant differences (p N .05) between the two
types of heating were veriﬁed in the thiols' concentration after heating.
The higher reactivity of SH groups for the solutions submitted to con-
ventional heating, was previously described by Pereira et al., 2010,
using whey solutions to obtain protein ﬁlms [3]. The results here ob-
tained can be explained by the differences between the conventional
and the ohmic heating, suggesting that the structural transitions and
the keratin unfolding were more favored during the conventional
heating, possibly due to more aggressive thermal effects [1,3]. Denatur-
ation kinetics are primarily driven by covalent bonding of unfolded pro-
teins, which in turn is closely related to the availability and reactivity of
the free SH groups of unfolded proteins [1], being these more pro-
nounced for the conventional heating.
Analyzing the effect of pH on thiols concentration, the same trend
was observed for the two types of heating, with a higher sensitivity to
variations on pH being obtained for the conventional heating. The
higher sensitivity for the conventional heating could be related with
the effect of the total net charges or local amino acids charge on the
ﬁnal protein structure, like the localization of free SH groups on the pro-
tein surface. For example, the effect of pH on Cysmake it changes its net
charge from neutral to negative between pH 7 and pH 8, so its respon-
siveness and reactivity with other groups is affected by the variations
on pH [29].
3.2. Characterization of keratin ﬁlms
3.2.1. Free thiol determination
After keratinﬁlms preparation and insolubilization using the formal-
dehyde, the concentration of free thiols on the ﬁlms was determined,
with the results for the ﬁlms prepared at pH 9 being presented in
Table 3. Comparing with the keratin solutions before casting (Table 2),
it was observed that the free thiol concentration on the keratin ﬁlms is
much lower. These lower values can be attributed to the ﬁlms curingolutions, after treatments at 85 °C for 30 min.
heating Ohmic heating
Thiols increase (%) Thiols (mM) Thiols increase (%)
– 0.351 ± 0.015 –
64.69 0.549 ± 0.018 56.45
– 0.437 ± 0.015 –
60.62 0.586 ± 0.015 34.02
– 0.516 ± 0.009 –
23.12 0.598 ± 0.007 15.98
8 0.492 ± 0.017
59.12 0.869 ± 0.029 43.44
1 0.086 ± 0.001
69.26 0.150 ± 0.008 74.39
Table 3
Effect of conventional and ohmic heating on the thiols' concentration of keratin ﬁlms1, af-
ter curing at 110 °C for 4 h and insolubilization with formaldehyde.
Keratin hair source Thiols (mM)
Conventional heating Ohmic heating
Virgin 0.0253 ± 0.000557ac 0.0187 ± 0.00156ad
OB 0.0108 ± 0.000457bc 0.00624 ± 0.000446bd
The datawith the same superscripts (a,b,c, and d) are signiﬁcantly different between them
(p b .05).
1 The ﬁlms were prepared with keratin extracted from virgin or overbleached hair and
the pH adjusted to 9.
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tween keratin molecules, producing more stable ﬁlms with improved
properties [18] Also, the free thiols concentration is affected by ﬁlms in-
solubilization with the formaldehyde that promote Cys cross-linking,
also increasing the ﬁlms stability [19]. The same behavior was observed
for the keratin ﬁlms prepared at pH 7,8 and 10, with a decrease in the
thiols' concentration of ﬁlms when compared to the keratin ﬁlm-
forming solution (data not shown).
3.2.2. Swelling ratio and water solubility
To understand the effect of heating on the ability of the keratin ﬁlms
to swell and/or degrade when in contact with water, we evaluated the
swelling ratio and water solubility of the keratin ﬁlms obtained from
the keratin solutions heated by conventional or ohmic heating (Fig. 1
and Fig. 2).
During the keratinﬁlmspreparation, it was necessary to add glycerol
to the keratin ﬁlm-forming solutions to avoid ﬁlms brittleness after dry-
ing. Glycerolwas able to improve ﬁlmsﬂexibility by decreasing the inter
and intramolecular attractive forces and increase chain mobility [22].
Ideally, the regeneration of disulphide bonds in the keratin ﬁlms
during the curing at 110 °C should be sufﬁcient to impart water insolu-
bility and good mechanical properties to the resultant ﬁlms. However,
as represented on Figs. 1A and 2A, it was observed that the insolubiliza-
tion by temperature was not enoughwith regard to keratin ﬁlms' water
solubility and swelling ratio. The ﬁlms prepared with keratin from vir-
gin hair adjusted to pH 9 and submitted to conventional heating, pre-
sented water solubility and swelling ration values of 26.21 ± 0.078%
and 597.12 ± 68.52%, respectively. To promote the insolubilization of
the keratin ﬁlms they were incubated with formaldehyde (vapor and
liquid). Formaldehyde is described by many authors as the most effec-
tive cross-linker in reducing water solubility [30]. Formaldehyde have
access to some reactive groups in amino acids like Cys, Hys and Lys,Fig. 1. Effect of pH and heating treatment (conventional or ohmic heating) on the water solu
incubated in distilled water at 25 ºC for 24 h and then dried at 100 ºC. The data represent the mresulting in the formation of covalent bonds, what leads to an increase
in the degree of reticulation and greater polymeric matrix structuring.
As a consequence, a reduction in chain mobility is veriﬁed, producing
more cohesive protein chains and more resistant ﬁlms, resulting in
ﬁlms with lower water permeability [30].
The effect of insolubilization on the water solubility and swelling
ratio of the keratin ﬁlms, promoted by the formaldehyde, was evident
for all the pH values, type of keratin and heating method. Regarding
the water solubility, and comparing with the ﬁlms before insolubiliza-
tion, there was a decrease between 9 and 30% for the keratin ﬁlms ob-
tained by conventional heating and between 25 and 40% for the ﬁlms
obtained by ohmic heating. The signiﬁcant decrease on the water solu-
bility was dependent on the pH (higher decrease for lower pH values)
and on the heating method (higher decrease for the ohmic heating).
The lower improvement observed for the higher pHs could be related
with differences in the reactivity of the Cys groups available to interact
with formaldehyde and to form stable linkages [29]. This amino acid
shows a high responsiveness to changes in physiological states and en-
vironmental conditions which affect its ability to interact with other
proteins or charged molecules [29].
The higher decrease on water solubility observed for the ohmic
heating, could be related with keratin structural transitions and
unfolding caused by the ohmic heating which can affect in a different
way the availability and reactivity of the free SH groups from the keratin
protein [1]. The differences in the availability and reactivity of the Cys
groups can increase the cross-linking degree obtained from the reaction
of formaldehyde with the free Cys residues on the keratin, what may
also affect the alignment of the polymeric keratin structure resulting
in a decrease in the ﬁlms' water solubility [31]. The aggregates sizes of
keratin ﬁlm-forming solution could also affect the water solubility re-
sults. Ohmic heating was described to interfere with the protein aggre-
gate pathways like reducing the aggregates size or change the
aggregates shape [32], which could facilitate the keratin interaction
with formaldehyde and increase the ﬁlms' reticulation.
Analyzing the effect of formaldehyde in the swelling ratio of the ker-
atin ﬁlms, signiﬁcant differences were observed for all the tested condi-
tions (pH, type of keratin and heating method). Consistent with the
water solubility, the swelling ratio is an indication of the level of protein
cross-linking in protein-based ﬁlms. Relatively to the ﬁlms prepared
with keratin from virgin hair and submitted to conventional or ohmic
heating, it was veriﬁed a decrease between 84 and 95% in the swelling
ratio while for the ﬁlms prepared with keratin from OB hair, the effect
of formaldehyde was more notorious, with a decrease around 97%.
The decrease in ﬁlms swelling was already expected sincebility of keratin ﬁlms before (A) and after (B) formaldehyde treatment. The ﬁlms were
ean ± SD from three independent experiments. Data were analyzed by one-way ANOVA.
Fig. 2. Effect of pH and heating treatment (conventional or ohmic heating) on the swelling ratio of keratin ﬁlms before (A) and after (B) formaldehyde treatment; theﬁlmswere incubated
in distilled water at 25 ºC for 1h and then weighed. The data represent the mean ± SD from three independent experiments. Data were analyzed by one-way ANOVA.
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available to bind to water by hydrogen bonding. Also, due to the forma-
tion of cross-links in the protein structure, hydrophilic sites along pro-
tein chains become less exposed and, therefore, less accessible to
water molecules [33].
Despite no differences were observed for the water solubility, the
ﬁlms prepared by conventional and ohmic heating after insolubilization
presented signiﬁcative differences (p b .001) in the swelling ratio when
prepared from keratin extracted from virgin hair and adjusted to pH 7
and pH 9. These results could be an indication that themain differences
between the ﬁlms submitted to conventional or ohmic heating are re-
lated to the orientation of keratin molecules and the different propor-
tion of reactive groups in the surface of the keratin ﬁlms, available to
cross-link. Due to the presence of moderate electric ﬁelds, ohmic
heating can inﬂuence the denaturation and aggregation mechanisms
of keratin proteins, affecting keratin ﬁlms properties [3]. It was also
demonstrated by Pereira et al. [3], for whey protein solutions, that
ohmic heating induces less protein denaturation and less activation of
free SH groups, affecting the protein secondary structure in the ﬁlms
network and, consequently, the ﬁlms properties. The reorganization of
hydrogen bonds, hydrophobic interactions and ionic bonds are also re-
sponsible for some conformational disturbances on the tertiary struc-
ture of proteins during ohmic heating [1,3]. All these variations
between ohmic and conventional heating could also justify the differ-
ences in the water solubility and swelling ratio results obtained for the
keratin ﬁlms.
Relatively to the effect of pH of keratin ﬁlm-forming solutions on the
properties of keratin ﬁlms prepared by conventional heating and ohmic
heating, different proﬁles were observed before the insolubilization
with formaldehyde. For the ﬁlms prepared by conventional heating
there was a decrease on thewater solubility and swelling ratio, increas-
ing the pH of keratin solutions. For the ﬁlms prepared by ohmic heating
an increase of water solubility and swelling ratio was observed increas-
ing the pH of keratin solutions. However, after insolubilization the dif-
ferences observed for both heating methods became less evident.
From the results we can infer that the changes in keratin ﬁlms prop-
erties after pH adjustment are related to physicochemical characteris-
tics of keratin protein like surface hydrophobicity, conformation and
net charge [26]. Moreover, the opposite tendencies between the ﬁlms
prepared by conventional heating and ohmic heating, could be related
with different patterns of denaturation, interactions and aggregation
of the keratin protein, which affect in a different way the inter- and in-
tramolecular bounds and the water molecules interaction with the ker-
atin ﬁlms. It seems that the presence of moderate electric ﬁelds might
have promoted an increase in ﬁlm's surface hydrophilicity with theincrease of pH [3], justifying the swelling results for the ohmic heating.
In the sameway, for the conventional heating, it seems that the increas-
ing the pHpromoted an increase of the amino reactive groups present at
the surface of the keratin molecules, resulting in a higher percentage of
cross-linking and a consequent decrease in water solubility and swell-
ing ratio of the keratin ﬁlms [31].3.2.3. Secondary structure analysis
Fourier transform infrared (FTIR) was used to evaluate structural
changes in the keratin ﬁlms prepared at different pH (7, 8, 9 or 10)
and by different heating methods (conventional or ohmic heating)
Fig. 3.
As depicted in Fig. 3, the FTIR spectra of the keratin ﬁlms shows the
main characteristic bands associated to the vibrationalmodes of peptide
bonds in proteins namely, amide I (1700–1600 cm−1, C_O stretching
vibration), amide II (1600–1500 cm−1, N\\H bending and C\\N
stretching vibrations) and amide III (1200–1300 cm−1, in phase combi-
nation of C\\N stretching and N\\H bending vibrations) [34,35]. For all
samples, the spectra present a peak with maxima at 1647 cm−1 for
amide I, 1538 cm−1 for amide II, and 1215 cm−1 for amide III. Addition-
ally, the broad band at 3600–3000 cm−1 corresponds to amide A and
was assigned to O\\H and N\\H stretching vibrations [34]. The peaks
with maxima at 2919 cm−1 and 2851 cm−1 were assigned to C\\H
stretching vibrations [36] and the two absorption bands with maxima
at 1455 cm−1 and 1411 cm−1were assigned to C\\Hbending vibrations
[37]. Finally, the absorption band with maximum at 1024 cm−1 was at-
tributed to C\\O stretching vibration (related to alcohol functional
group) and results from the presence of glycerol in the ﬁlm samples
[38]. Noteworthy, the absence of an absorption band at 1745 cm−1,
which is due to lipid ester carbonyl vibrations [39], indicates that lipids
were effectively removed during the preparation of hair samples prior
keratin extraction. The effect of ohmic heating was also evaluated by
FTIR in order to determine if the heating sourcewould induce any struc-
tural changes in the keratin ﬁlms (Fig. 3 A). In this case, all ﬁlms pre-
sented a similar spectral as those obtained for the ﬁlms submitted to
the conventional heating, independently of the pH used for ﬁlm
production.
In order to improve ﬁlms cohesion and resistance, keratinﬁlmswere
treated with formaldehyde, an effective cross-linker to protein ﬁlms
[30,33,40]. Addition of formaldehyde during solvent casting demon-
strated to have minor effects at the structural level with changes being
observed at 1411 cm−1 (C\\H bending), 1215 cm−1 (amide III),
1024 cm−1 (C\\O stretching) and 921 cm−1 (C\\H out-of-plane defor-
mation of alkene group RCH_CH2) (Fig. 3 B).
Fig. 3. A) FTIR spectra of keratin ﬁlms produced by keratin solutions at different pHs and prepared by conventional heating (‘pH7, t30’; ‘pH8, t30’; ‘pH9, t30’; ‘pH10, t30’) versus ohmic
heating (‘pH7, t30 ohmic’; ‘pH8, t30 ohmic’; ‘pH9, t30 ohmic’; ‘pH10, t30 ohmic’); B) Effect of formaldehyde cross-linking on keratin ﬁlms prepared at pH9 and submitted to
conventional and ohmic heating. (1) amide A at 3600-3000 cm-1; (2, 3) C-H stretching vibrations at 2919 cm-1 and 2851 cm-1; (4) amide I at 1647 cm-1; (5) amide II at 1538 cm-1; (6,
7) C-H bending vibrations at 1455 cm-1 and 1411 cm-1; (8) amide III at 1215 cm-1 and (9) C-O stretching vibration at 1024 cm-1; Bands marked with * represent changes observed
during solvent casting with addition of formaldehyde.
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ary structure conformations and are commonly used to identify the pro-
tein secondary structure [41]. Accordingly, the peaks at 1647 cm−1
(amide I) and 1538 cm−1 (amide II) are indicative of theα-helix confor-
mation [42]. However, the presence of shoulder bands at 1626 cm−1
and 1517 cm−1 also indicates some degree of β-sheet secondary struc-
tures after incubation with formaldehyde supporting the partial insolu-
bilization of the keratin ﬁlms [41]. This suggests that the keratin ﬁlms
are mainly characterized by α-helical conformation, independently of
the pH and source of heating treatment, and that there is some degree
of conversion of the α-helical into β-sheet after insolubilization with
formaldehyde.
3.2.4. Thermal stability of keratin ﬁlms
In order to study the thermal stability of the keratin ﬁlms prepared
by different heating methods, the thermogravimetric analysis of the
ﬁlms was performed between 25 and 800 °C Fig. 4. Comparing the
ﬁlms prepared by conventional heating with the ﬁlms prepared by
ohmic heating, the major differences were mainly noticed for tempera-
tures higher than 500 °C. Initially itwas observed, aweight loss between
5.1 and 8.1% for the conventional heating and 4.6–5.4% for the ohmic
heating, relatedwith the loss of boundwater associatedwith the keratin
ﬁlms, for temperatures below 150 °C [43]. For temperatures between
150 and 500 °C therewas aweight loss around 60–70% for theﬁlms pre-
pared by the two heating methods. This weight loss was most likelyFig. 4. Effect of pH of the keratin ﬁlm-forming solutions on the thermal stability of kerassociated with the destruction of lateral chains of the keratin protein
molecules in the protein-based ﬁlms [43]. At the end of the temperature
scan, theﬁlms retained about 4.6–16.9% of their initialweight, being this
percentage associated to the carbonmolecules in the protein and struc-
tures that did not decomposed even at 800 °C, which remained as ash
[43]. Also, all the keratin ﬁlms, prepared by conventional or ohmic
heating, presented various decomposition peaks in the analyzed tem-
perature range due to the presence of proteins with different sizes,
what is a characteristic of the keratin proteins [5].
In the thermograms for the keratin ﬁlms prepared by conven-
tional heating, it was determined a temperature between 207 and
210 °C corresponding to initial degradation of the ﬁlms. This value
decreased to 187–206 °C for the keratin ﬁlms prepared by ohmic
heating, what could be an indication of the lower stability for these
ﬁlms as well as a lower amount of crystalline-sheet structures [44].
For these ﬁlms, less energy is needed to start to disintegrate the pro-
tein matrix. Also, the multi-stage degradation proﬁles presented a
main peak around 300–310 °C, corresponding to the maximum deg-
radation rate, and a pronounced shoulder around 230–235 °C. Both
peaks correspond to the disorganization and destruction of the crys-
talline regions of the keratin protein [43]. The intensity of this shoul-
der around 230–235 °C was less intense or inexistent for the keratin
ﬁlms prepared at pH 7, conﬁrming the effect of pH on the formation
of structures in the ﬁlms mainly due to inter- and intramolecular
bounds [43].atin ﬁlms prepared by (A) conventional heating (CH) or (B) ohmic heating (OH).
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The morphology of the keratin ﬁlms prepared using keratin ex-
tracted from virgin or overbleached hair, adjusted to pH 9, and heated
using the conventional and the ohmic heating were examined using
SEM and the micrographs are represented on Fig. 5.
Through the analysis of the SEMmicrographs it was possible to ver-
ify that all the keratin ﬁlms (Virgin andOBHair) submitted to the differ-
ent heating conditions form a compact and continuous structure and no
phase separation between the keratin proteins and the glycerol was ob-
served. The keratin ﬁlms prepared by conventional heating showsmore
homogeneous surfaces and are more compact when comparing with
the same ﬁlms prepared by ohmic heating (Ohmic Heating/Virgin
Hair: 75.14 ± 2.65 μm versus Conventional Heating/Virgin Hair:
51.59 ± 2.36 μm and Ohmic Heating/OB Hair: 74.43 ± 1.52 μm versus
Conventional Heating/OB Hair: 38.28 ± 2.81 μm).
Themicrographs of the keratin ﬁlms after cross-linkingwith formal-
dehyde revealed the appearance of small aggregates at the surface of the
ﬁlms which are most likely related with the evaporation of the cross-
linker. This evaporation effect was more marked for the keratin ﬁlms
prepared using keratin extracted from virgin hair and submitted to
ohmic heating, as they presented a surface with several wrinkle-like
structures. These differences in ﬁlms surfaces caused by cross-linking
with formaldehyde were already reported by Carvalho and Grosso,
and are caused by a cohesive arrangement of the polymeric matrix [40].
3.3. Opacity using a fusion protein
Evaluating cosmetic treatments which modify some physical fea-
tures of hair ﬁbers can be challenging due to the intrinsic properties of
human hair like size and shape, and also due to hairs' great heterogene-
ity. A fusion protein composed by human eye γD-crystallin and a
keratin-based peptide (KP)was used tomodify the opacity of hair ﬁbers
as a principle to develop new hair coloration strategies– Fig. 6. Two fu-
sion proteins were used, a wild type form (KP-Cryst Wt) based on the
sequence human eye γD-crystallin and a mutant form (KP-Cryst Mut).
The mutant form was constructed by the substitution of three arginine
residues by three Cys, on the wild-type crystallin sequence, what
would increase the formation of protein inter- and intramolecular
bonds and its interaction with the hair keratin [23]. Proteins withFig. 5. SEMmicrographs of keratin ﬁlms, pH 9, treated with formaldehyde, when submitted to
section the keratinﬁlm cross-section thatwasmechanically fractured to obtain a viewof the inn
overbleached hair.Greek-key motifs like crystalline were already described to have the
ability to form a coating arounddifferent structures, and to formopaque
structures denominated cataracts when the proteins start to unfold,
promoting protein aggregation [23]. The combination of both factors,
make the crystallin proteins perfect models to study ﬁbers opacity
caused by the application of these proteins.
A qualitative and quantitative analysis of keratin ﬁlms opacity is
shown in Fig. 6, where it is possible to observe some changes in ﬁlms
opacity after application of KP-Cryst Wt and KP-Cryst Mut fusion
proteins.
Relatively to the KP-CrystWt, no signiﬁcative differences were veri-
ﬁed for the ﬁlms preparedwith keratin extracted from virgin or OB hair,
neither the ones prepared by conventional or ohmic heating. However,
a different behavior was observed for theﬁlmswhere KP-CrystMutwas
applied. Higher opacity values were observed for ﬁlms treated with KP-
Cryst Mut protein, with a higher opacity degree obtained for the keratin
ﬁlms producedwith keratin extracted fromvirgin hair and submitted to
conventional heating. The higher opacity degree obtained for KP-Cryst
Mut ﬁlms could be due to structural characteristics of these proteins,
where the mutations were performed to induce the protein aggrega-
tion, mimicking the formation of cataracts in eye. Also, KP-Cryst Mut
has three additional Cys which favors the binding of these molecules
to keratin proteins, increasing the protein adhesion the ﬁlms' surface
[23].
Based on these results, we can assume that the keratin ﬁlms can be
used as models to determine the effect of cosmetic formulations spe-
cially developed to change the opacity of the hair ﬁbers.
4. Conclusions
The heating of protein solutions inﬂuenced the unfolding and aggre-
gation patterns of the proteins, affecting the ﬁlm features. Considering
the ohmic heating, it was demonstrated that this heating method af-
fected differentially the denaturation of keratin proteins, resulting in
ﬁlms with different properties comparatively to the ones prepared by
conventional heating.
The application of KP-Cryst proteins over the keratin ﬁlms, demon-
strated the ﬁlms' ability to act as a model to substitute the use of hair
on the testing of new hair cosmetic formulations. With this work, itconventional and ohmic heating. Top section represents the keratin ﬁlm surface and down
er structure. VirginHair: keratin extracted fromvirginhair; OBHair: keratin extracted from
Fig. 6. A) Effect of KP-Cryst Wt and KP-Cryst Mut proteins application on keratin ﬁlms
opacity. A total of 0.6 mg of protein were applied to the keratin ﬁlms. Ultra-pure water
was applied in the same volume as the protein solution, for the control samples;
B) Mean values of keratin ﬁlms opacity after incubation with KP-Cryst Wt and KP-Cryst
Mut proteins. The increasing percentages were calculated in comparison with the
control samples. CH – conventional heating; OH – ohmic heating; OB – keratin extracted
from Overbleached Hair.
679A. Tinoco et al. / International Journal of Biological Macromolecules 150 (2020) 671–680was demonstrated that both conventional and ohmic heating tech-
niques are able to be used in the production of keratin ﬁlms with ad-
justed properties according the heating method. The keratin ﬁlms
show potential to be applied in the validation of hair cosmetic formula-
tions as substitutes of hair ﬁbers.
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